Objective: To investigate the association of reaction time and brief measures of memory and spatial ability with all-cause mortality. Methods: Participants were from the UK Health and Lifestyle Survey (HALS), a national sample survey of adults in England, Scotland, and Wales. In 1984/1985, data on lifestyle factors, socioeconomic status, and health were collected for 9,003 people. Cognitive data were collected for 7,414 individuals. All-cause mortality was investigated over 19 years of follow-up in relation to simple and choice reaction time, performance on a short-term verbal declarative memory test, and on a test of visual-spatial reasoning. Results: Slower and more variable simple and choice reaction times were significantly related to increased risk of all-cause mortality over 19 years of follow-up. The increased risk of all-cause mortality was partly attenuated after adjustments for socioeconomic status, health behaviors, and health status. A novel finding was the existence of an effect of reaction time on all-cause mortality in young adults. Poorer verbal memory ability was also significantly related to an increased risk of dying in young adults independently of reaction time score. Conclusion: Slower and more variable reaction time was related to higher mortality risk in younger as well as older participants. Among younger adults, higher memory ability was also associated with lower risk of dying. The cognition-mortality relationship may be explained in part by the brain's efficiency of information processing and memory performance.
INTRODUCTION

M
ental ability, as measured using psychometric IQ-type tests, has recently come to prominence as a predictor of mortality. The relationship between cognitive function, more generally, and mortality has been described by Kleemeier (1) and Riegel and Riegel (2) , who first proposed the theory of "terminal drop," which states that a decline in cognitive function occurs approximately 5 years before death. Since then, a growing body of literature has suggested that mental ability is a strong independent predictor of mortality among older people (3) (4) (5) (6) . Lower cognitive ability in much younger samples has also been linked with increased mortality (7) (8) (9) (10) (11) . Hart et al. (12) examined the association between childhood mental ability and mortality using linked data from the 1932 Scottish Mental Survey and the West of Scotland's Midspan studies. For 1 SD of lower childhood IQ, the risk of dying in the 25-year window between the late 1970s and 2002 was 17% higher. The difference in risk of dying was reduced to 12% but remained significant after controlling for adult social position and deprivation category of the area of residence at midlife.
To date, we know little of which specific aspects of cognitive functioning relate to health and mortality because most studies have used group-based measures of general intelligence (e.g., 7, 13) . Such omnibus tests do not afford an understanding of the particular cognitive domains or processes that might link mental ability differences with inequalities in survival. More recent studies have begun to use measures such as reaction time indices that could be considered more fundamental indicators of the brain's processing efficiency. Their items are simple and identical, and they afford the derivation of timed estimates of subjects' processing efficiency and consistency.
With this in mind, Deary and Der (13) examined a sample of 898 middle-aged adults (aged 54 -58 years) from the West of Scotland Twenty-07 Study. Participants were followed up for 14 years. They found strong significant associations between mortality and baseline performance on the Alice Heim 4 Part 1 test of general intelligence (hazard ratio ϭ 1.38), mean simple reaction time (hazard ration ϭ 1.30), and mean choice reaction time (hazard ratio ϭ 1.37), even after adjustment for sex, education, occupational social position, and smoking. Importantly, in multivariate analyses in which the Alice Heim and reaction time tests were both entered as predictors, the Alice Heim test failed to make a significant, independent contribution to mortality, indicating that the relatively simple index of reaction time might account for the effect of IQ on mortality.
These findings on psychometric intelligence and reaction time and mortality should be viewed in light of the mechanisms that have been proposed to explain the association between cognitive ability and all-cause mortality (12) . First, higher cognitive ability is associated with more favorable social circumstances; for example, through being a member of a higher social class or achieving better educational qualifications (14) , which are, in turn associated with lower mortality (12) . Second, higher cognitive ability may be linked to behaviors that are conducive to good health such as healthy eating, a low alcohol intake, and avoidance of smoking (12) . Third, low cognitive ability may be a proxy indicator of deficient brain development that is correlated with later adulthood illness. For example, low childhood cognition has been found to be an indicator of a poor prenatal environment or early life insults such as malnutrition and low birthweight, which are associated with an increased risk of cardiovascular disease in later life (15) (16) (17) . Finally, and especially relevant here, psychometric intelligence may assess general bodily integrity by indexing efficiency of information processing within the central nervous system (7) . In the analysis of the Twenty-07 study (13) , the effect of psychometric general intelligence on mortality was nonsignificant once reaction time was controlled for. These results suggest that a reduced efficiency of information processing may account for much of the association between low IQ and earlier death. Therefore, as a more culture-reduced measure of information processing, reaction time may provide a sensitive indicator of the body's clinical pathology.
Previous studies have shown an association between reaction time and health. Pavlik et al. (18) found a significant association between the combination of hypertension and type 2 diabetes and worse simple reaction time performance. Anstey et al. (19) found that pulmonary function, as measured by forced expiratory volume (FEV) at 1 second, is positively associated with measures of speed. Deary and Der's (13) analysis of the Twenty-07 study is the only study to date that has examined the influence of reaction time mean and variability on mortality in a representative sample of the population. Its suggestion that reaction time may be a relatively sensitive indicator of risk of mortality risk needs replicating and extending. The report was based on middle-aged adults only. It is important to determine whether the association between reaction time and mortality is also present in at other ages in adulthood. It is especially important to examine younger age groups, in whom any association between reaction time and mortality is less likely to be explained by pre-existing (but perhaps subclinical) illness in some participants. If the association between reaction time and mortality exists in young adults, this would indicate that reaction time denotes more than mere physiological deterioration with age.
Therefore, the principal aim of the present study is to examine the association between reaction time indices and mortality in a large representative sample that covers the whole adult age range. Additionally, with data on two further types of cognitive measures (verbal declarative memory and visual-spatial reasoning, both measured in brief tests), we can examine the effects of individual differences in these specific cognitive domains on mortality.
METHODS Participants
Participants were members of the Health and Lifestyle Survey (HALS), which was set up to investigate changes in physical and mental health, attitudes, and lifestyle. HALS is a nationwide sample survey of communitydwelling adults in England, Scotland, and Wales (20) .
Initial sample selection and interviewing took place between 1984 and 1985, where a total of 12,254 addresses were randomly chosen from UK Electoral Registers. One individual aged 18 years or over was chosen from each household, yielding interviews with 9,003 individuals aged between 18 and 99 (21) . Physical measurements, including reaction times, were available for 7,414 of these. All participants are continuously followed up for mortality and cancer registration. The latest follow-up was completed in May 2003. Full details of the design and sampling have been described elsewhere (20) .
The study population was compared with the 1981 census to examine whether it could be assumed to represent the general population (21) . The survey contained more women than the general population, which is likely to be due to availability for interview. Single people and those who were divorced/separated were underrepresented. People in the lower socioeconomic groups in terms of income and education were also less likely to complete baseline measurement. These biases are small, and the survey provides a reasonably good representation of the general adult population (21) .
Procedure
Information was collected from two home visits (21) . The first was carried out by an interviewer and lasted approximately 1 hour. The data collected included information on home and family circumstances, educational attainment, income, self-reported health, health attitudes, diet, leisure, work, exercise, smoking status, and alcohol consumption.
In the second home visit, a nurse completed a physiological examination of the participant. This involved taking measurements of height, weight, girth, blood pressure, pulse rate, respiratory function, and environmental and exhaled carbon monoxide. A brief cognitive battery comprising tests of shortterm verbal declarative memory, visual-spatial reasoning, and reaction time was administered during this visit (20 -22) .
Measures
Reaction Time
Participants were assessed on simple and four-choice reaction time using a portable battery-operated device specially designed for the study (23). A schematic diagram of the device is shown in Figure 1 . Simple reaction time was the time taken for the subject to press a key as quickly as possible after being presented with a stimulus. The participant rests a finger of their preferred hand on the button marked 0 and presses it as soon as a 0 appears on the screen. Eight practice trials were presented before 20 test trials. Mean reaction time and SD were recorded in milliseconds for each participant.
Choice reaction time was the time taken to press one of four keys corresponding to one of four digits (1-4) presented on the screen. The participant rests two fingers of each hand on the buttons marked 1, 2, 3, and 4 and presses the button that matches the digit presented in the display. Eight practice trials are followed by 40 test trials in which each digit is randomly presented 10 times at an interval of between 1 and 3 seconds. Mean reaction time and SD in milliseconds are calculated separately for correct and incorrect responses, and the number of errors was also recorded for each participant.
Results presented here for choice reaction time are based on correct trials only. All reaction time measures were standardized to zero mean and unit SD.
Verbal Declarative Memory
A list of 10 common foods (roast meat, digestive biscuits, potatoes, eggs, orange juice, grilled fish, Weetabix, white bread, cheese, apples) was read out to the respondent in the context of a discussion about the fiber content of food. Participants were initially asked to report which foods contained dietary fiber. A few minutes later, and without prior warning, participants were asked to recall the same 10 food items. This provided a measure of "incidental" verbal memory. 
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Visual-Spatial Reasoning
A block counting test was used as a measure of visual-spatial reasoning. Participants were presented with a set of six two-dimensional pictures that represented three-dimensional piles of blocks and were required to calculate the number of blocks used to make each pile. Calculation of the correct answer was made by making inferences about the piles and counting both the blocks that could be seen and those that were hidden from view. The total number of correct responses was recorded, with a range of 0 to 6. An example of this type of item is provided in Figure 2 .
Demographic and Lifestyle Factors Age
Age was calculated as age in years at interview in 1984/1985.
Social Class
Social class was derived using the UK Registrar General's six-fold classification (24): professional (I), managerial (II), skilled nonmanual (IIIN), skilled manual (IIIM), semiskilled manual (IV), and unskilled (V). Household social class was used in this analysis and was based on the current occupation of the "head of household" or the past or "usual" occupation of the retired or unemployed respondents.
Education
Education was recorded as the highest qualification obtained either while at school or gained since school. This variable had five levels: first or higher degree; semiprofessional or professional qualification, for example nursing or teaching qualification; A-level or equivalent, including advanced City and Guilds certificates; O-level or equivalent, including ordinary City and Guilds certificates; no educational qualifications, work-related certificates were included in this category.
Smoking Status
Current smoking status was recorded as never smoked, ex-smoker, current occasional smoker, and current regular smoker. An occasional smoker was defined as smoking less than one cigarette per day, whereas a regular smoker was defined as smoking one or more than one cigarette per day.
Alcohol Consumption
Two measures of alcohol consumption were used. Level of alcohol consumption per week was measured in alcohol units. One unit of alcohol was equivalent to half a pint of beer or cider, or a single measure of spirits, or a glass of wine, or a small glass of fortified wine. Current alcohol consumption was recorded as nondrinker, very special occasion drinker, occasional drinker, and regular drinker.
Physical Activity
Information on a variety of physical activities (work-related activity, walking, housework, gardening, DIY, and sports activities) was obtained during the interview. For some activities, the number of occasions was recorded, and for others the duration was recorded in minutes. In both cases, the intensity of the activity was also recorded. We have aggregated the information to produce four physical activity variables: minutes spent doing vigorous activity, occasions spent doing vigorous activity, minutes spent doing nonvigorous activity, and occasions spent doing nonvigorous activity. Vigorous activity was defined as activity that caused breathlessness.
FEV
FEV in 1 second was used as a measure of respiratory function. It was measured using a Micro Medics electronic spirometer and divided by the height in meters squared to take account of differences in body size.
Blood Pressure
Blood pressure was measured with an Accutorr sphygmomanometer. Four measures of resting systolic and diastolic blood pressure were taken at 1-minute intervals. The median value of both systolic and diastolic blood pressure was used for this analysis.
Body Mass Index (BMI)
BMI (kg/m 2 ) was derived from height, measured in meters with a portable stadiometer, and weight in kilograms measured using electronic scales.
Vital Status
Deaths of survey members are continually notified by the National Health Service central registry, which also provided copies of death certificates. The data are periodically updated with the information provided, and the data used here comprise the latest available update of May 2003. Death certificates contained information on up to three primary and two secondary causes of death coded according to the Ninth International Classification of Diseases (25) . For the present analysis, a single "underlying cause" of death was used.
Statistical Analysis
For the mortality analyses, survival time was age at death or age at May 2003 for surviving participants. Cox's proportional hazards regression, as implemented in the SAS Version 9.1 Phreg procedure (26) , was used to calculate hazards ratios. These provided estimates of the proportionate change in the mortality risk for each SD change in reaction time parameters and for a 1-point change in verbal declarative memory or visual-spatial reasoning. Adjustments were made for covariates, including social class, education, smoking status, alcohol consumption, physical activity, FEV, blood pressure, and BMI as these have been related both to mortality risk (27) and cognitive ability (14,19,28 -32) . The control variables were entered in blocks, in a hierarchical set of analyses, as follows:
Model 1 ("baseline model") included age and sex; Model 2 ("SES model") controlled for variables in Model 1and socioeconomic status in the form of social class and education; Model 3 ("health behaviors model") added health behaviors: smoking status, alcohol consumption, and physical activity; Model 4 ("health status model") added the measures of health status: FEV, blood pressure, and BMI. Hazard ratios, 95% confidence intervals, and p values were used for interpretation. The direction of the verbal declarative memory and visualspatial reasoning scores was opposite to the reaction time scores as a high 
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score on the former two tests and a low score in the latter's parameters represented better cognitive ability. For example, for reaction time a value of 1.02 would be interpreted as a 2% increase in mortality risk for every SD increase in reaction time, whereas for verbal declarative memory, a hazard ratio of 0.98 would mean that for every point increase in memory score, risk of mortality decreases by 2%.
Preliminary analyses showed that the hazard was not proportional with age, as is assumed by the model. Therefore, we present results both for all ages together and for three broad age groups. The continuous age variable included 18-and 19-year-olds (n ϭ 222). However, they were dropped when three age groups were constructed (20 -39 years, 40 -59 years, 60ϩ years) to limit the groups to 20-year age bands. The age groups allowed us to examine whether the relationship between cognition and mortality was comparable across different age bands.
RESULTS
Only participants who had complete data with respect to the reaction times, cognitive measures, age, sex, social class, educational attainment, smoking status, alcohol consumption, physical activity, FEV, blood pressure, and BMI were included in the analysis. Missing data were largely the result of individuals not completing the second home visit (n ϭ 2579). The final sample consisted of 6,424 (2,901 men, 3,523 women) participants with complete data. Mean age of the sample was 44. As expected (33) Spearman's rank correlations showed small but highly significant negative correlations between the memory and visual-spatial reasoning tests and the reaction time measures (Table 1 ). The largest correlations between these measures were seen in the 60ϩ age group.
Simple Reaction Time
When all ages were examined together, there was a highly significant effect of simple reaction time mean on risk of dying in the age-and sex-adjusted baseline model (HR ϭ 1.09; Table 2 ). The size of this effect was somewhat attenuated when social class and education were added to the SES model (HR ϭ 1.06). Further attenuation was seen in the health behaviors models (HR ϭ 1.04) and 4 (HR ϭ 1.03). The effect of simple reaction time variability was of the same magnitude in the baseline age and sex model (HR ϭ 1.09; Table 2 ). The effect was slightly attenuated when social class and education were entered into the SES model (HR ϭ 1.08). The largest attenuation was seen in the health status model (HR ϭ 1.03).
When the sample was split into three age bands, there was a significant effect of simple reaction time mean on risk of mortality after controlling for age and sex in the 20-to 39-year age band (HR ϭ 1.39) and in those over 60 years (HR ϭ 1.09; data tables available from authors). The effect decreased slightly in the SES model to 1.34 and 1.07, respectively. There was little further attenuation with the addition of the health behavior block of variables (smoking status, alcohol consump- 
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tion, and physical activity). However, the effect decreased further in the 20-to 39-year age group in the health status model (HR ϭ 1.26). A significant effect of simple reaction time variability on mortality was noted in the 60ϩ age group only (HR ϭ 1.09; data available from authors). Further adjustment for social class and educational attainment altered the effect size slightly (HR ϭ 1.07). There was further slight attenuation in the health behaviors models (HR ϭ 1.05) and 4 (HR ϭ 1.03). All results remained highly significant. The hazard ratios for simple reaction time variability were similar in the baseline, SES, and health behaviors models across the three age groups but did not reach statistical significance in the younger two groups owing to the smaller numbers of deaths.
Choice Reaction Time
After adjusting for age and sex, there was a highly significant effect of choice reaction time mean on mortality in the overall sample (HR ϭ 1.18; Table 2 ). This effect was slightly attenuated on adjustment for social class and education (HR ϭ 1.15). Further attenuation was noted in the health behaviors model (HR ϭ 1.10) and 4 (HR ϭ 1.08). The effect of choice reaction time variability on mortality across the entire sample was also highly significant in the baseline age and sex model (HR ϭ 1.08; Table 2 ). Again, the effect attenuated in model 2 (HR ϭ 1.06). Adjustment for the health behavior block (smoking status, alcohol consumption, and physical activity) further reduced the size of the effect to 1.04.
With the sample split into three age bands, the association between choice reaction time mean and mortality controlling for sex and age was significant for all three age groups (20 -39: HR ϭ 1.62; 40 -59: HR ϭ 1.20; 60ϩ: HR ϭ 1.17; data tables available from authors). After adding social class and education, only the 20-to 39-year age group (HR ϭ 1.59) and 60ϩ age group (HR ϭ 1.15) showed significant effects. Further attenuation was noted for these two age groups in the health behaviors models (20 -39: HR ϭ 1.56; 60ϩ: HR ϭ 1.11) and 4 (20 -39: HR ϭ 1.41; 60ϩ: HR ϭ 1.09). For choice reaction time variability, a significant association with mortality was noted in the baseline sex and age model in the 20-to 39-year age group (HR ϭ 1.66) and the 60ϩ age group (HR ϭ 1.07). The effect sizes were slightly attenuated in the 20-to 39-year age group on the addition of social class and education to the model (HR ϭ 1.60). In the 60ϩ age group, the effect sizes were altered only a little with the addition of these variables to the model (HR ϭ 1.06). Health behaviors (HR ϭ 1.57) and health status (HR ϭ 1.50) models showed significant effects in the 20-to 39-year age group only. The effect size for the 40-to 59-year age group was larger than that of the 60ϩ age group but did not reach statistical significance owing to the smaller number of deaths.
Verbal Declarative Memory
When all ages were examined together, there was a highly significant effect of memory performance on risk of dying after controlling for age and sex (HR ϭ 0.91, 95% CI, 0.88 -0.94; Table 2 ). Adding social class and education to the model slightly decreased the strength of the association. Further attenuation was noted when the health behavior variables (HR ϭ 0.94) and the physical health variables (HR ϭ 0.95) were added to the model.
After controlling for age and sex, lower memory performance was significantly associated with mortality risk in the 40-to 59-year age band (HR ϭ 0.90) and in those aged 60ϩ (HR ϭ 0.90). On adding social class and education, the only significant association between lower memory and mortality risk was seen in those aged 60ϩ years (HR ϭ 0.92). Further attenuation was noted in health behaviors (HR ϭ 0.94) and health status (HR ϭ 0.94) models. There was no significant association between memory performance and mortality risk in the 20-to 39-year age group even before adding all of the control variables to the model. However, the hazard ratio in this group was the same as that found in the 60ϩ age group; it failed to reach statistical significance, which is likely to be 
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due to the small number of deaths in the youngest group (data tables available from authors).
Visual-Spatial Reasoning
When all ages were examined together, the only significant association between visual-spatial reasoning and risk of dying was in the baseline model (HR ϭ 0.95; Table 2 ).
With the sample split into three age bands, the only significant association was noted in the baseline model in the 60ϩ age group (HR ϭ 0.96). There was no significant association between visual-spatial reasoning and risk of dying in the 20-to 39-year age group (even though the effect size in this group was the largest, it was nonsignificant owing to the small number of deaths) and 40-to 59-year age group even before adding all of the variables to the model (data tables available from authors).
Backwards Elimination Variable Selection
Backwards elimination was used to determine the best predictors of mortality for the entire sample and separately for each age group. This was completed from a model containing all six cognitive measures and controlling for the demographic, socioeconomic, health behavior, and physical health variables. For all ages together, the model selected included memory and choice reaction time mean. For the 20-to 39-year age group, the model selected included only choice reaction time mean. For the 40-to 59-year age group, none of the six cognitive measures were selected. Finally, the model for the 60ϩ age group included only choice reaction time mean.
CONCLUSIONS
Both simple and choice reaction time mean and variability were significantly related to risk of all-cause mortality over 19 years of follow-up in a sample of adults aged between 18 and 94 years. The associations were somewhat attenuated after adjusting for social position, education, smoking status, alcohol consumption, physical activity, FEV, blood pressure, and BMI. When the sample was split into three age groups, a significant association between simple and choice reaction time mean and choice reaction time variability and risk of dying was noted in the 20-to 39-year age group and the 60ϩ age group but not in the 40-to 59-year age group. The existence of a reaction time-mortality association in the 20-to 39-year age group is novel. The finding that choice reaction time variability was significantly associated with mortality is an important result in light of recent evidence which suggests that reaction time variability may be as important as mean reaction time (33, 34) . Hultsch et al. (35) argued that reaction time variability may be an indicator of ageing-induced deterioration of neural mechanisms.
Whereas the effects that were statistically significant were identified for further comment and analyses, this should not obscure the fact that some of the effect found in the younger groups had a similar effect size to those in the older group, even though they were often not significant at p Ͻ .05. This is a consequence of there being fewer deaths in the younger groups. The frequent parity of the effect size across age groups should encourage larger studies with younger samples.
The considerably larger effect of reaction time mean and variability on mortality in the 20-to 39-year age group compared with the 60ϩ age group is a surprising finding. We considered the possibility that there might have been different causes of death per age group; for example, accidents in the 20-to 39-year age group. However, this was not the case as the most common specific causes of death for all three age groups were cancer and cardiovascular disease (Table 3) . Both simple and choice reaction time mean and variability were stronger predictors of mortality than memory. However, after The effect of reaction time mean and variability on mortality in the 40-to 59-year age group and the 60ϩ age group was different from the one previous study that examined this association (13) . We found a small effect of reaction time mean and variability on mortality in the 60ϩ age group, but, though the effect sizes were similar, we tended not to find significant associations in the 40-to 59-year age group. Deary and Der's (13) study found highly significant effects among those aged between 54 and 58 years even after controlling for education, social class, deprivation, and smoking. The size of the effect noted in the 60ϩ age group was smaller than previously noted. We obtained hazard ratios that ranged between 1.05 and 1.12 for each of the four reaction time measures, whereas Deary and Der (13) found effect sizes of between 1.15 and 1.37 for the same measures and controlling for the abovementioned variables. The smaller effects noted in the present study may be explained by the occurrence of natural death as this age group contained some much older participants, compared with Deary and Der's (13) very narrow age range. However, it might also be possible that the present study is a more accurate indicator of the relationship between reaction time and mortality across mid to late adulthood.
The independent effect of memory performance on mortality seen here in the 60ϩ age group has been noted in previous longitudinal studies (36, 37) . However, other authors have found no relationship (6, 38, 39) . Reasons for possible discrepancies in findings may be attributed to differences in length of follow-up, the use of different tests of memory ability, the addition of different mediators into the model, and the brevity of the cognitive tests used in the present study. The lack of an effect in the 40-to 59-year age group is inconsistent with work completed by Pavlik et al. (11) using data from the large Atherosclerosis Risk in Communities Study. However, this study has a considerably shorter follow-up period (6.3 years) than the present study's 19 years.
How does cognitive ability predict mortality? One way of explaining this is through the trait-state dichotomy. Seeing cognitive ability as a state, the "common cause" hypothesis posits that the brain is merely one part of a deteriorating body where the existence of a common factor reflects age-related deterioration in cognitive and biological processes (40) . Therefore, reaction time may be one way of disclosing this general bodily deterioration (41) . However, the fact that we found a strong association between reaction time mean and variability and mortality in a young sample that would be relatively free of age-related degeneration when first tested suggests a more trait-like portrayal of cognitive ability. In this case, perhaps reaction time is picking up some aspects in the brains of even initially healthy individuals that may be associated with survival.
Although the effect was weaker, memory ability predicted mortality after reaction time was controlled for. This finding is of interest because it supports the theory that certain psychometric factors show stronger relationships with mortality than others (42, 43) .
The results suggest that reaction time mean and variability and cognitive function are related to all-cause mortality. The partial attenuation of the cognition-mortality association by social, demographic, health behaviors, and physical health factors suggests that both memory ability and reaction time explain part of this association in not only older age samples but also among the young. These results suggest that reaction time is not merely an indicator of age-related physiological deteriorations but rather an indicator of the brain's more basic information processing ability, suggesting that slower and more variable processing skills are a risk factor for mortality in themselves.
